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Enhancement of the mechanical properties of lysine-containing 
peptide-based supramolecular hydrogels by chemical cross-linking
Libby J. Marshall,a Olga Matsarskaia,b Ralf Schweinsb and Dave J. Adamsa*
Exposure of lysine-containing peptide-based gelators to the 
cross-linking agent glutaraldehyde allows tuning of gel mechanical 
properties. The effect of cross-linking depends on the position of 
the lysine residue in the peptide chain, the concentration of gelator 
and the conditions under which cross-linking takes place.  Through 
control of these factors, cross-linking leads to increased gel 
strength.
Supramolecular hydrogels are soft, viscoelastic materials 
prepared by the self-assembly of small molecules (so-called 
gelators) via the formation of many non-covalent interactions.1 
The structures formed during self-assembly trap large amounts 
of water, thus forming a material composed mostly of liquid but 
with solid-like properties.2 Peptide-based supramolecular 
hydrogels have many advantages including  easy synthesis, 
potential for chemical modification, responsiveness to external 
stimuli, bioactivity and biocompatibility.2, 3 However, such 
hydrogels often lack the mechanical strength required for 
certain applications owing to the non-covalent nature of the 
interactions holding the gel network together.3-5 Examples of 
such applications include scaffolds for cell and tissue 
engineering, where the mechanical properties of the scaffold 
need to mimic the cells’ native enviroment and are essential in 
determining the outcome of cellular differentiation;6 3D 
printing, where the gel must have sufficient stength to be 
extruded through a needle;7 and as drug delivery vehicles where 
sufficient stiffness ensures sustainable release of drug 
molecules.8  
It is also very difficult to design gelators with a particular 
application in mind as the ability of a given molecule to form a 
hydrogel and the properties of any resulting gels are hard to 
predict.9 It is therefore important to design new methods for 
tuning the mechanical properties of well-studied gelators.
Many methods have been employed to improve the 
mechanical stability of peptide-based supramolecular hydrogels 
including control of gelation to ensure formation of a 
homogenous gel network10, physical cross-linking using ions11, 
12 exploitation of the chiral nature of peptides13 and mixing with 
polymer additives.14-16 However, these techniques only have a 
limited effect on gel properties. Recently, methods utilising 
chemical cross-linking to enhance the mechanical properties of 
supramolecular hydrogels have been explored. Such methods 
include native chemical ligation17, disulfide formation12, 18, 
tyrosine dimerisation5 as well as the use of enzymes19 and cross-
linking agents such as glutaraldehyde4 and Genipin20. 
While chemical cross-linking in supramolecular hydrogels 
regularly increases gel stiffness, very few approaches also 
increase gel strength and some even decrease the gels’ 
resistance to strain.5 We therefore hope to expand the available 
methods for chemical cross-linking in order to further improve 
mechanical properties without compromising gel strength. 
Figure 1. Chemical structures of (a) glutaraldehyde, (b) 2NapFF, (c) 2NapFFK and (d) 
2NapKFF. The lysine residues are highlighted in blue and the groups involved in imine 
formation are highlighted in red.
Previous work has successfully used glutaraldehyde (Figure 1a) 
as a cross-linking agent via in situ formation of imine bonds and 
highlighted the importance of using dynamic chemistry to avoid 
interfering with self-assembly.4 We have used a similar 
approach here by incorporating a lysine (K) residue into the 
well-studied, peptide-based gelator 2NapFF (Figure 1b). We 
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expected that exposure to glutaraldehyde would result in cross-
linking between primary amines on the side-chains of K residues 
on neighbouring fibres or within individual fibres (Figure 2a) and 
thereby alter the strength and stiffness of the gels. However, it 
is impossible to predict how cross-linking will take place and its 
effect on gel properties. The gelators discussed here are 
2NapFFK and 2NapKFF (Figure 1c and d). 
Figure 2. (a) Close up of a small section of the gel network. The gel network is 
formed by lateral association of individual 1D structures. These 1D structures were 
fit using SANS to a cylinder model combined with a power law. Cross-linking 
(green) between amines on K residues may occur within individual fibres (blue) or 
between neighbouring fibres. The arrangement of the fibres is purely 
hypothetical. (b) Schematic showing a hypothetical anti-parallel arrangement of 
fibres within a 2D section of the 3D gel network, highlighting how such an 
arrangement provides facile cross-linking (green) of amine groups on adjacent 
fibres. 
Previous work has shown the power of the FF motif in driving 
self-assembly alongside the aromatic N-terminal capping group 
through π-π stacking and the hydrophobic effect.2 The reported 
anti-parallel nature of peptide-based hydrogels containing FF 
may be beneficial in setting up the self-assembled structures for 
easy cross-linking between adjacent fibres, allowing self-
assembly to facilitate cross-linking (Figure 2b).21, 22 We expected 
that the position of the K residue in the gelator would play a role 
in the final properties of the gels formed. While altering the 
position of the amine will affect its accessibility for cross-linking, 
it may also disrupt the π-π stacking interactions between 
aromatic rings and thereby alter self-assembly and the 
properties of the gels formed. It should be noted that the 
increased stability and possible changes in orientation of the 
gelator molecules caused by introduction of chemical bonds 
may drive self-assembly towards crystallisation rather than gel 
formation.23, 24 Both gelators formed gels under all the 
conditions discussed here. We can expect that the gelator 
molecules in the gel state are kinetically trapped and lack the 
energy required to overcome the energy barrier to a more 
thermodynamically stable, crystalline state.25
Gels were prepared by first suspending the gelators in 
aqueous solution at high pH (~11.6) by addition of 2 molar 
equivalents of NaOH (0.1M). Such high pH ensures 
deprotonation of the C-terminal carboxylic acid group, 
rendering the molecules sufficiently polar to be dispersed in 
water.26 However, viscosity measurements of both gelators at 
high pH show shear-thinning (Figure S2a, Supporting 
Information), indicative of the presence of worm-like micelles 
in solution.27 While stirring with glutaraldehyde at this pH 
reduces the viscosity of the gelator solutions, shear-thinning 
behaviour persists following the reaction with glutaraldehyde 
(Figure S2b), suggesting that worm-like micelles are still 
present.
Reducing the solution pH results in protonation of the C-
terminal carboxylic acid, decreasing the polarity of the 
molecules and driving further association of self-assembled 
structures to exclude water.26 The self-assembled structures 
interact and entangle through the formation of non-covalent 
interactions as the pH continues to decrease until a 3D network 
is formed.26, 28 Water is trapped within the network during self-
assembly, giving the gel its viscoelastic properties. 
The gelators were exposed to glutaraldehyde (1 molar 
equivalent) in two different conditions (Figure S1): stirring in 
solution at high pH (pH ~11.6) for 24 hours before gelation and 
as gels at low pH (pH ~3.5). Gel formation was triggered using 
glucono-δ-lactone (GdL) to reduce the pH, as described 
previously.29 All samples were left overnight (16 hours) after 
addition of GdL to allow gel formation. Time sweep data (Figure 
S10) shows that 16 hours are sufficient for compete gel 
formation. Glutaraldehyde was then added to the post-gelation 
samples, which were left undisturbed for a further 24 or 72 
hours before rheology measurements. Since the glutaraldehyde 
had to be added to the top of the sample, a gradient of cross-
linking may have been present in the post-gelation samples. 
This will have affected the results obtained from rheology 
measurements and is a limitation to this experimental design.
The control experiments were designed to account for gel 
age as well as the presence of glutaraldehyde.30 Pre-gelation 
samples were left to sit for 24 hours before rheology to ensure 
they were the same age as the 24 hour post-gelation samples 
and the 24 hour controls. Figures 3, 4 and 5 show that, in most 
cases, the 24-hour and 72-hour control samples are not 
statistically different from a rheological perspective. Therefore, 
the differences between gels exposed to glutaraldehyde post-
gelation for 24 and 72 hours are due to the interaction of the 
gel with glutaraldehyde and not the age of the gels.
Only slight increases in stiffness (G′) were observed in 
2NapFFK 5 mg/mL (Figure 3) when comparing the control 
samples and the samples exposed to glutaraldehyde for 24 
hours post-gelation. This increase became more significant at a 
2NapFFK concentration of 10 mg/mL. The samples where 
glutaraldehyde was added post-gelation and left to react for 72 
hours showed even greater increases in stiffness compared to 
the controls. Glutaraldehyde is therefore able to interact with 
the gelators within the gel network at low pH, resulting in 
increased gel stiffness. The degree of this increase depends on 
how much time glutaraldehyde is given to interact with the gels. 
Unusually, stirring 2NapFFK (5 mg/mL) with glutaraldehyde 
pre-gelation increased both the stiffness of the resulting gels 
and the strain required to completely break down the gel 
network (the strain at which G′ crosses over G″). This can be 
explained by the pH at which glutaraldehyde is interacting with 
the gelator molecules. At high pH, more deprotonated amines 
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are available for imine formation, resulting in more cross-linking 
and thereby a greater increase in G’ and G″.31 It is also expected 
that the presence of the gel network at low pH makes it harder 
for glutaraldehyde to diffuse into the fibrous structures to 
interact with the amine groups. At a concentration of 10 
mg/mL, there is no obvious pattern in the change in the cross-
over point of 2NapFFK. There could be a change in morphology 
at a concentration between 5 and 10 mg/mL, making cross-
linking more difficult.
Figure 3. Scatter plots showing the (a) stiffness and (b) cross-over point of gels formed 
from 2NapFFK at concentrations of (i) 5 mg/mL and (ii) 10 mg/mL in different conditions. 
The stiffness was determined as the average G’ value in a selected section of linear 
viscoelastic region of the strain sweep (0.01-1 % strain). This section was selected as is 
applicable to all samples. The cross-over point was taken as strain value within the strain 
sweep where G″ crosses over G′. The points in the plot are the average from three 
samples. The error bars show the standard deviation between the three samples in each 
condition. Two-sample T-tests assuming unequal variances were performed between 
each triplicate of samples and the 24 hour control triplicate of samples. * = p > 0.05, ** 
p >0.01.
Pre-gelation cross-linking 2NapFFK at a concentration of 5 
mg/mL leads to an increase in G′ greater than that achieved by 
increasing the gelator concentration to 10 mg/mL (Figure 3). A 
considerable increase in stiffness and resistance to strain can 
therefore be achieved without having to increase gelator 
concentration. By cross-linking prior to gelation, it is possible to 
use lower gelator concentrations while maintaining the desired 
gel strength.
For 2NapKFF (Figures 4 and S3), the control and the 24-hour 
post-gelation samples are virtually identical from a rheological 
perspective. The 72-hour post-gelation samples showed 
increased stiffness. 2NapKFF therefore needs more than 24 
hours to sufficiently interact with glutaraldehyde at 5 mg/mL. 
There was also an increase in the cross-over point of the 72-
hour control and 24-hour control, suggesting the strength of 
these gels develops with age which may also contribute to the 
increased cross-over point of the 72-hour post-gelation 
samples. At 10 mg/mL, there was a significant increase in 
stiffness after 24 hours of exposure to glutaraldehyde. The 
increased standard deviation in the 72-hour post-gelation 
samples prevents the difference in stiffness between these 
samples and the controls from appearing significant in the 
statistical tests used. 
Figure 4. Scatter plots showing the (a) stiffness and (b) cross-over point of gels formed 
from 2NapKFF at concentrations of (i) 5 mg/mL and (ii) 10 mg/mL in different conditions. 
The stiffness was determined as the average G’ value in the linear viscoelastic region of 
the strain sweep (0.01-1 % strain). This range was selected as is applicable to all samples.  
The cross-over point shows the strain value within the strain sweep where G″ crosses 
over G′. The points in the plot are the average from three samples. The error bars show 
the standard deviation between the three samples in each condition. Two-sample T-tests 
assuming unequal variances were performed between each triplicate of samples and the 
24 hour control triplicate of samples. * = p > 0.05, ** p >0.01. In the case where the 72-
hour control samples were statistically different from 24-hour control, the 72-hour post 
samples were compared to the 72-hour controls in the statistical test.
There is little difference between G′ and G″ values of the pre- 
and 72-hour post-gelation 2NapKFF samples at 5 mg/mL (Figure 
4). However, there is a significant increase in the cross-over 
point of the pre-gelation samples compared to that of the 
control samples. The cross-over point of the 2NapKFF samples 
at a concentration of 10 mg/mL increases in all conditions 
compared to the 24-hour control samples. In addition, at both 
5 mg/mL and 10 mg/mL, the linear viscoelastic region (LVR) is 
considerably longer in the pre-gelation samples compared to 
both the controls and the post-gelation samples (Figures 5 and 
S3). This shows that the pre-gelation gels can withstand higher 
strain before the gel network begins to break down.18, 32 This 
could be due to the increased proportion of amines available for 
cross-linking at high pH, as previously discussed. However, it is 
interesting that this increase in LVR was observed in 2NapKFF 
and not 2NapFFK, showing that the position of the K residue 
within the peptide chain plays a role in the gelators response to 
cross-linking. These observations are particularly exciting as 
most techniques previously used to modulate the mechanical 
properties of peptide-based supramolecular hydrogels result in 
increased stiffness (G′) but not increased mechanical strength. 
We highlight for all of these systems rheology has been 
performed on samples a maximum 14 days after gel formation. 
No evidence of crystallisation was observed in these samples 
with only slight changes in rheological properties. Samples left 
undisturbed at room temperature for over a month showed no 
visible evidence of crystal formation or precipitation.
Another interesting observation is the significant decrease 
in the stiffness of pre-gelation samples formed from 2NapKFF at 
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a concentration 10 mg/mL. This reponse is in opposition to 
those observed in all other conditions shown here. The reduced 
stiffness could suggest inter-fibre cross-linking rather than 
intra-fibre cross-linking, which could disrupt lateral association 
of the fibres, resulting in reduced rigidity if the gel network.
The greater increase in stiffness in 2NapFFK compared to 
2NapKFF could be explained by the position of the K residue. 
The K residue at the C-terminus is less sterically hindered and 
therefore more readily available for cross-linking.18 This will 
increase the efficiency of cross-linking resulting in the observed 
changes in mechanical properties. The drastic differences 
between the pre-gelation samples of 2NapFFK and 2NapKFF at 
10 mg/mL confirms that the position of the K residue has a great 
effect on gel behaviour and provides a further level of control 
for tweaking gel properties. 
Figure 5. Scatter plots showing the length of the LVR recorded from gels composed of (a) 
2NapFFK and (b) 2NapKFF at concentrations of (i) 5 mg/mL and (ii) 10 mg/mL in different 
conditions. The length of the LVR was taken as the strain value at which the G′ begins to 
decrease. The points in the plot are the average from three samples. The error bars show 
the standard deviation between the three samples in each condition. Two-sample T-tests 
assuming unequal variances were performed between each triplicate of samples and the 
24 hour control triplicate of samples. * = p > 0.05, ** p >0.01.
Small angle neutron scattering (SANS, performed at instrument 
D11, Institut Laue – Langevin, Grenoble, France) was used to 
determine the effect of cross-linking pre- and post-gelation on 
the structures that constitute the gel network. The data from 
samples of 2NapFFK (5 mg/mL, Figure 6) suggests that cross-
linking does not significantly change the nature of the fibres 
within the gel network as all three data sets could be fit to a 
standard cylinder model combined with a power law. However, 
cross-linking pre-gelation resulted in a considerable reduction 
in the length of the fibres, from 112 nm in the control sample to 
40 nm in the pre-gelation sample. The control and post-gelation 
samples had lengths within experimental error of each other. 
The radii of the fibres were increased in both the pre- and post-
gelation samples compared to the control sample, with the radii 
of the fibres in the post-gelation sample doubling in size. This 
indicates cross-linking between two adjacent fibres, consistent 
with the increased stiffness of the gels, as observed in rheology 
data. 
Observation of different changes in fibre structure 
depending on whether cross-linking was performed before or 
after gelation agrees with the observation of different changes 
in rheological behaviour when comparing pre- and post-
gelation samples to control samples. Cross-linking before 
gelation results in a large reduction in length of the fibres and a 
slight increase in radii, while cross-linking post-gelation does 
not alter the length of the fibres but does greatly increase their 
radii. This fits with the theory that cross-linking post-gelation 
fortifies the already-formed structures in the gel network while 
cross-linking pre-gelation has a much greater effect on structure 
as cross-linking occurs before the gel network has formed. The 
length values from SANS fit may correspond to the Kuhn length 
rather than the entire length of the structures. This would 
suggest that the structures in the pre-gelation samples are 
much more flexible than those in the control and post-gelation 
samples. This would indicate that the presence of 
glutaraldehyde in the pre-gelation samples is interfering with 
lateral association during gel-formation.
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Figure 6. The SANS data collected (black) and fits (red) for (a) control, (b) cross-linking 
pre-gelation and (c) cross-linking post-gelation samples of 2NapFFK (5 mg/mL). The data 
were fit to the range of a standard cylinder model combined with a power law. A full 
discussion of the fitting and parameters are available in the ESI (Table S1).
To determine whether the observed changes in mechanical 
properties were the result of chemical cross-linking between 
gelator molecules we tried reacting a 5 mg/mL solution of 
2NapFF with 1 molar equivalent of glutaraldehyde at pH 11.6. 
No colour change was observed (Figure S22). It was therefore 
concluded that glutaraldehyde is reacting with the amine group 
in the K-containing gelators and this reaction causes the colour 
change from white to pink in the pre-gelation samples and 
white to yellow in post-gelation samples (Figure S21). Previous 
work has shown similar colour changes on imine bond 
formation.14, 18 It is expected that the pink colour in the pre-
gelation samples is due to increased concentration of imine 
bonds compared to in the post-gelation samples. This 
hypothesis matches the greater changes observed in the 
rheological properties of the pre-gelation samples.
We also reacted 2NapFFK solution at pH 11.6 previously 
stirred with glutaraldehyde for 24 hours and gels exposed to 
glutaraldehyde pre- and post-gelation with the reducing agent 
NaBH4. If cross-linking had occurred via imine bond formation, 
reaction with NaBH4 would result in reduction of the imine 
bonds and thereby loss of colour. Loss of colour was observed 
in both samples (Figures S23 and S24), showing reduction of 
imine bonds and further confirming that cross-linking via imine 
bond formation had occurred.
To further prove that the observed changes in rheological 
properties were due to reaction between the primary amine on 
the K residue and glutaraldehyde, we performed a control 
experiment using the gelator 2NapFF (Figure 1b) which does not 
contain a K residue. The control was performed at a 
concentration of 5 mg/mL as this is the concentration at which 
the greatest changes in rheology were observed for the other 
systems.
Figure S11 shows that the 2NapFF control and post-gelation 
samples were almost identical in terms of rheology. Therefore, 
glutaraldehyde does not alter the properties of gels formed 
from 2NapFF when added post-gelation. The pre-gelation 
samples showed a slight increase in stiffness (G′). However, the 
G″ of these samples significantly increased, suggesting lower 
elasticity than the gels formed without glutaraldehyde. There is 
also not an order of magnitude between G′ and G″, showing 
these samples were not “true gels”.33 Stirring with 
glutaraldehyde pre-gelation therefore does impact gel 
properties, perhaps by interfering with self-assembly after 
addition of the trigger.34 Importantly, no colour change was 
observed in any of the samples (Figure S25), showing no imine 
bond formation.
Finally, we performed 1H NMR spectroscopy on samples of 
each K-containing gelator with and without stirring with 
glutaraldehyde for 24 hours. The glutaraldehyde samples all 
showed a distinct imine peak between 8.0 and 9.5 ppm (Figure 
S26), further confirming that cross-linking is indeed taking place 
via imine formation. 
We also synthesised and performed cross-linking on the 
final combination of the 2Nap capping group with two F 
residues and one K residue: 2NapFKF (Figure S18). Our results 
further confirm the importance of the position of the K residue 
in the peptide-chain in determining the behaviour of the 
gelators on cross-linking as 2NapFKF behaved differently to 
both 2NapFFK and 2NapKFF following cross-linking. While 
2NapFFK showed increased stiffness in all cross-linking 
conditions and 2NapKFF showed increased stiffness following 
cross-linking in all conditions except pre-gelation at a 2NapKFF 
concentration of 10 mg/mL, the stiffness of 2NapFKF decreased 
significantly following cross-linking pre-gelation at 5 mg/mL and 
decreased slightly following cross-linking pre-gelation at 10 
mg/mL (Figures S19). The cross-over point of gels formed from 
2NapFKF increased following cross-linking pre-gelation and 
post-gelation at both 2NapFKF concentrations, similar to 
2NapFFK. The length of the LVR increased slightly following 
cross-linking pre-gelation at a 2NapFKF concentration of 10 
mg/mL. However, this increase was not as significant as 
observed in 2NapKFF.
Conclusions
Glutaraldehyde clearly has a significant effect on the 
mechanical properties of the gels studied so far, providing a 
simple strategy for tuning both strength and stiffness of 
peptide-based gelators. The position of the K residue in the 
gelator not only affects gel properties, but also how the gelator 
interacts with glutaraldehyde. The ability to achieve different 
degrees of change in mechanical properties depending on 
gelator concentration and whether the gelators are exposed to 
glutaraldehyde before or after gelation provides a further level 
of control. Such control is essential for fine-tuning gels for 
specific applications and increasing the potential uses of a single 
gelator. Expansion of known gelators is an attractive strategy 
due to the challenges associated with designing new gelators.2 
We expect to see similar results with other peptide-based 
gelators by simply incorporating a K residue into the peptide 
chain and performing cross-linking with glutaraldehyde or a 
similar cross-linking agent. This work greatly expands the choice 
of tools available for optimising the properties of peptide-based 
hydrogels for specific applications and circumvents the need to 
design entirely new gelators from scratch.
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